Cell-cell interactions play vital roles in embryo development and in homeostasis maintenance. Such interactions must be stringently controlled for cell-based tissue engineering and regenerative medicine therapies, and methods for studying and controlling cell-cell interactions are being developed using both biomedical and engineering approaches. In this study, we prepared amphiphilic PEG-lipid polymers that were attached to polyDNA with specific sequences. Incubation of cells with the polyDNA-PEG-lipid conjugate transferred some of the polyDNA to the cells' surfaces.
1
Introduction
In the past decade, therapeutic devices containing living cells or tissues have been studied extensively for tissue engineering and regenerative medicine applications. Stem cells, including embryonic stem (ES) cells, somatic stem cells, and induced pluripotent stem (iPS) cells, have been identified and studied [1] [2] [3] that show promise for treatment of diseases such as type I diabetes, Parkinson's, Alzheimer's, ALS, and Huntington's disease [4] [5] [6] [7] [8] [9] [10] [11] . Experimental manipulation of cell-cell interactions is a valuable method for inducing differentiation of stem cells for use in cell-based therapies. In addition, the differentiated cells can be manipulated further for use in regenerating tissues or organs.
Cell-cell interactions must be tightly controlled for generating cell-type-specific tissues or organs. Cell-cell interactions are also used to develop pluripotent stem cells themselves. It was reported recently that somatic cells could be transformed into pluripotent stem cells by fusion with ES cells [12] . In this method, somatic cells and ES cell attachments formed first, and attachment was followed by induced cell fusion.
Cell-cell interactions are also very important in embryo development and in the maintenance of homeostasis. Methods for studying and controlling cell-cell interactions are currently being developed using both biomedical and engineering approaches. Our group has studied the surface modification of living cells using amphiphilic polymers 2 such as PEG-conjugated phospholipid (PEG-lipid) derivatives [13] [14] [15] [16] [17] [18] [19] . Specifically, our previous efforts were directed towards modification of cell surfaces and islets of Langerhans (islets) by introducing functional groups and polymers for improving graft survival after transplantation. Recently, immobilization of cells to the surface of islets using PEG-lipid and a biotin/streptavidin reaction resulted in encapsulation of the whole islet surface with layers of cells [19] . It seemed possible to use this method to induce cells to attach to a substrate. Although the biotin/streptavidin reaction is well characterized and is used frequently in biological studies, it has some disadvantages.
Specifically, streptavidin is derived from bacteria and is a potent antigen in humans; further, the biotin/streptavidin association is so strong that it is difficult to be dissociated.
In the present study, we employed DNA hybridization rather than the biotin/streptavidin reaction as a novel method for inducing cell-cell attachment and cell immobilization on a substrate. We used PEG-lipid, which is an amphiphilic polymer, as a carrier for polyDNA with a specific sequence. Cells treated with the polyDNA-PEG-lipid conjugate incorporated the lipid (and thus the polyDNA) onto the cell surface. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   3 or other cells or onto a substrate. Cell-cell or cell-substrate attachments were subsequently induced via hybridization between the two complementary polyDNAs . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   5 Mal-PEG-lipid was synthesized by combining NHS-PEG-Mal (180 mg), triethylamine (50 μL), and DPPE (20 mg) with dichloromethane and stirring for 36 h at room temperature (RT) [14] . After precipitation with diethyl ether, Mal-PEG-lipid was obtained as a white powder (190 mg, 80% yield -HC=CH-, maleimide).
The DNA sequences used in this study are listed in Table 1 . DNA was synthesized by
Sigma-Aldrich Chemical Co. DNA-SH was prepared by reduction of the disulfide bond with DTT according to the manufacturer's instructions. A PBS solution of DNA-SH (1.0 mg) was mixed with Mal-PEG-lipid (5.0 mg) in PBS for 24 h at RT to prepare polyDNA-PEG-lipid. PolyDNA-PEG-lipid (500 g/mL in PBS) was used for surface modification of cells without purification. were observed using an upright fluorescence microscope (BX51, Olympus, Tokyo ,   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 Japan) and a stereomicroscope (MZF LIII, Leica, Solms, Germany). The number of attached cells was analyzed using ImageJ software (NIH, Bethesda, MD, USA).
Cell cultures
An inhibition assay was also performed using a solution of SeqA' (200 g/mL) that was added to the mixture of SeqA-PEG-cells and SeqB-PEG-cells. After incubation for 30 min, the mixture was applied to the SeqA' and SeqB'-immobilized substrate and incubated for 10 min at RT. After washing with HBSS, the cells attached to the substrate were observed using an upright fluorescence microscope.
Substrates for cell attachment were also prepared using a contact printing technique. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Table 1 . PolyDNA-PEG-lipids carrying complementary sequences were prepared: polyA20 and polyT20, SeqA and SeqA', SeqB and SeqB'. Our previous studies demonstrated that amphiphilic PEG-lipids are spontaneously incorporated into the cell membrane's lipid bilayer through hydrophobic interactions and that this incorporation has no cytotoxic effects [13] [14] [15] [16] 18, 19] . We further showed that polyDNA could be introduced onto the cell surface using a PEG-lipid (Scheme 1(b)). The strategy in the present study was to mediate cell-cell interactions by hybridization between complementary DNA sequences that were incorporated into the cells' outer membranes (Scheme 1(c)).
Incorporation of polyA20-PEG-lipid into the cell membrane and its ability to hybridize with FITC-labeled polyT20 was examined first. A solution of polyA20-PEG-lipid was 12 added to CCRF-CEM cells; after incubation, the cells were washed to remove unincorporated lipid, FITC-labeled polyT20 was added, and cells were observed using a confocal laser scanning microscope. As shown in Fig. 1(a) , the FITC fluorescence was observed at the periphery of all cells, indicating that polyA20-PEG-lipids were incorporated into the outer cell membrane and that FITC-labeled polyT20 hybridized with the incorporated polyA20 DNA. When FITC-labeled polyA20 was added to polyA20-PEG-lipid modified cells, no fluorescence was observed on the cells. These results indicated that FITC-labeled polyT20 hybridized specifically with polyA20-PEG-lipids on the cell surface.
Intercellular attachments could also be mediated by hybridization between polyA20 and polyT20, as shown in Fig. 1(c) . CCRF-CEM cells labeled with PKH red were treated with polyA20-PEG-lipids (polyA20-PEG cells) and CCRF-CEM cells labeled with PKH green were treated with polyT20-PEG-lipids (polyT20-PEG-cells). Red polyA20-PEG-cells and green polyT20-PEG-cells were mixed at ratio of 1:1 and observed over time by a confocal laser scanning microscope ( Fig. 1(c) ). At 15 min after mixing, polyA20-PEG cells (red) and polyT20-PEG-cells (green) were attached to each other, with several cells attached in a linear fashion. At 60 min, even more cells had attached to each other. At 3 h, the linear cell aggregates had gathered to form clumps of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 cells. At 6 h, the cellular clumps were still present in the culture medium. As a control experiment, PKH red-and PKH green-labeled cells with no polyDNA-PEG-lipid treatment were mixed. These cells showed no attachment to each other ( Fig. 1(e) ). In Fig. 1(d) . In contrast, no cell-cell attachments were observed between CCRF-CEM cells and GFP-HEK cells without polyDNA-PEG-lipid modification ( Fig. 1(e) ). Thus, this method can be used to promote attachments between different kinds of cells .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14
Attachment of polyDNA-PEG-cells to complementary DNA immobilized on a solid substrate
Glass plates with a thin layer of gold were modified with CH 3 -SAM and irradiated with UV light through a photomask with an array of 1-or 2-mm transparent circular dots.
After washing the plates to remove photodegradation products, a solution containing DNA-SH was spotted on the dots in order to immobilize DNA via the Au/thiol reaction ( Fig. 2(a) ). PolyT20-PEG-cells labeled with PKH green were placed on the 2-mm spots where polyA20 molecules were immobilized and incubated for 10 min. After removal of unattached cells by washing with HBSS, the surface was observed using an upright fluorescence microscope. As shown in Fig. 2(b) , polyT20-PEG-cells attached to the polyA20-immobilized spot. Fig 2(c) shows attachment of polyT20-PEG-cells onto a substrate with polyA20-SH and polyT20-SH spots. After polyT20-PEG-cells labeled with PKH green were applied and incubated for 10 min, and unattached cells were washed off with HBSS, the substrate was observed using a stereomicroscope (Fig. 2(c) ).
PolyT20-PEG-cells selectively attached to the polyA20-immobilized spots, with practically no attachment of cells to the polyT20-immobilized spots (dotted lines).
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Discussion
Cell surface modification is generally achieved three ways: by covalent conjugation to the amino groups of membrane proteins; by electrostatic interaction between cationic polymers and a negatively charged surface; and by incorporation of amphiphilic polymers into the lipid bilayer of the cell membrane by hydrophobic interactions [16] .
We have studied cell surface modification using amphiphilic polymers such as PEG-lipid derivatives that incorporate spontaneously into lipid bilayers [16, 18] .
Notably, this surface modification technique does not cause protein denaturation or have cytotoxic effects. Further, functional groups such as amino groups, maleimide, and biotin can be incorporated into the cell membrane using PEG-lipid derivatives bearing these groups [13] [14] [15] .
In the present study, polyDNA was introduced into the outer cell membrane using PEG-lipid. Cell-cell attachments between either the same types of cells or different types of cells were induced by incorporating complementary DNA sequences into two cell populations (Fig. 1) ; when mixed, the hybridization of the complementary sequences mediated cell-cell attachment. This DNA-hybridization technique was also used to attach DNA-modified cells to immobilized DNA on a substrate (Fig. 2, 3 ).
Antibody-antigen reactions, cell-extracellular matrix interactions, and hydrophobic 18 interactions with amphiphilic polymers have all been used to immobilize cells on surfaces [20] [21] [22] . Using these techniques, cell suspensions must be applied to each spot to prepare arrays of cells. Not only is this a tedious and time-consuming process, cell viability is lost during the preparation of the array. In contrast, the technique described here is quite simple, since a suspension of cells with different DNA sequences can be applied to surfaces that have spots of immobilized complementary DNA sequences.
Thus, this technique can be used for preparation of cell-based arrays for many types of studies.
To our knowledge, there are few previous studies that have achieved cell-cell attachment between different kinds of cells. We previously reported the immobilization of living cells to the surface of islets of Langerhans for microencapsulation using PEG-lipids and the biotin/streptavidin reaction [19] . It is also possible to attach feeder cells to embryoid bodies for the analysis of differentiation of ES cells into neurons 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 19
Conclusions
By incorporating complementary DNA sequences attached to amphiphilic PEG-lipids into the membranes of two cell populations, we induced cell-cell attachments that were mediated by DNA hybridization. This technique was also used to successfully induce cell attachment to a substrate containing immobilized DNA. This method shows promise for use in analyzing homogeneous and heterogeneous cell-cell interactions.
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